To achieve room-temperature superconductivity, a mechanism is needed that provides heavy quasiparticles at room temperature. [1, 2] In heavy fermion systems such localization is prototypically present only at liquid helium temperatures. In these f -electron Kondo systems, conduction electrons magnetically couple to localized moments, enhancing their mass and scatting time. These quasiparticles may form Cooper pairs and cause unconventional superconductivity with a critical temperature T c of the order of the Fermi energy ε F . [3] In relative terms, this T c is much larger than in cuprate or BCS superconductors for which T c ≪ ε F . [3] This suggests that Kondo systems in general have the potential to be high-temperature superconductors. [4] For this to occur, strong correlations that cause electron localization need to take place at much larger temperatures. Here we show that metal hydrides manifest strong electron correlations in a single 3d x 2 −y 2 band at the Fermi level, similar to the cuprates but at room temperature. Hole doping of this band, by varying the hydrogen content, causes divergence of the carrier mass and suggests the approach of an ordered Mott transition with signatures of a correlated metallic Kondo lattice. These room-temperature phenomena are expected to be widespread across hydrogen-rich compounds, and offer a promising novel ground to encounter unconventional superconductivity in the class of the metallic hydrides.
Dense metallic hydrides form a material class with a tremendous societal potential for high-temperature superconductivity and energy storage. [5, 6] Their physics, however, is far from understood. Adding hydrogen to a metallic host strongly influences the electronic and structural properties. It may bind to impurities, manifests itself as an inert lattice gas and, at larger concentrations, can induce a metal-to-insulator transition. [7] Dense hydrides, moreover, manifest high energy lattice vibrations and strong electron-phonon coupling and are therefore seen as an ideal testbed for conventional, electron-phonon mediated, superconductivity at high temperatures. [6, 8] Experimental confirmation was indeed obtained, first in elemental hydrides such as PdH x with T c ∼ 10 K and more recently in SH 3 at T c ∼ 203 K although under gigantic pressures. [9, 10] The path to even larger T c in metallic hydrides, without hydrostatic pressure, may be offered in a slightly different direction. In most high-temperature superconductors Cooper pair formation is caused by strong electron-electron correlations close to a Mott insulating state, rather than the electron-phonon interaction. Close to the Mott metal-to-insulator (MI) transition Kondo physics plays an important role, [11] and is expected to strongly enhance T c . [12] In rare earth hydrides, the puzzling MI transition, which occurs at room temperature at a non-stoichiometric hydrogen concentration, cannot be explained with simple band theory. [7, 13] It has been proposed that additional hydrogen atoms added to the metallic d 1 dihydrides LaH 2 and YH 2 can be seen as Kondo impurities that antiferromagnetically couple to charge carriers, eventually leading to a Mott insulating state. [13] [14] [15] This strongly correlated state may involve s-d hybridization, which is much larger than the p-d hybridization in oxide and pnictide superconductors. If such a Kondo lattice of H impurities exists, it is therefore expected to have a Kondo temperature T K > 10 3 K. [16] This is an order of magnitude larger than T K of the iron pnictides superconductors, which are d-electron Kondo systems. [17] Given that for most systems T K ∝ T c , this implies that hydrogen-based Kondo systems are a prosperous candidate for high-temperature superconductivity.
Transition metal hydrides also exhibit MI transitions around hydrogen concentrations unlikely to cause a simple metal to band-insulator transition. Here we study the MI transition in the complex metal hydride Mg 2 NiH x at 298 K. Removal of H from the band insulator Mg 2 NiH 4 breaks H-Ni bonding states and effectively hole dopes this d 10 system in the top of the Ni 3d x 2 −y 2 band. We use optical spectroscopy to determine the charge dynamics within this band of single phase Mg y NiH x thin films. The charge carrier density δ = 32−8x is accurately tuned in the range 1.0 δ 3.5 by a slight variation of the Mg/Ni ratio, 1.45 y 1.52, which has a strong effect on the hydrogenation kinetics and thus on δ (see Supplementary Information). This range of x is far beyond the structural phase transition from hexagonal (P 6 2 22) to monoclinic (C2/c) occurring for 1 < x < 3, [18, 19] and away from the band insulator phase at x = 4. For such a system, itinerant electron behavior would cause a Drude peak in the optical conductivity σ 1 (ω) centered at zero photon frequency ω. Carrier localization, however, would split the Drude peak in a renormalized coherent part at ω = 0 and an incoherent part at infrared frequencies (Fig. 1a) . [20] The key result of our optical study is that metallic Mg y NiH 4−δ/8 manifests a coherent Drude peak with weight W coh = 2 ω 2 p that is substantially less than expected for unrenormalized itinerant electron behavior, which directly points to localization at room temperature (Fig. 1b,c) . The lacking weight is recovered in a broad infrared band, shown by σ 1 (ω), which forms the incoherent part of the Drude weight W incoh (Fig. 1b) . The degree of localization is expressed by the effective electron mass m * /m e = W tot /W coh , where m e is the free electron mass. We obtain the total charge carrier weight W tot in two ways: by taking the sum of the coherent and incoherent Drude weights, and from Hall data through W tot = δ 2 e 2 /ǫ 0 m e V , with V the volume of the unit cell. [21] The two approaches both evince a lack of W coh and thus a significant mass enhancement, which increases towards the insulating phase (Fig. 1d) .
In strongly correlated systems, localization enhances both the electron mass and, because of the decreased Fermi velocity, also the scattering time, as mentioned before. That is, quasiparticle renormalization affects both m * and the scattering rate 1/τ * (ω), such that the effect cancels at ω = 0. [22] We determine τ * (0)/τ (0) from an extended Drude analysis (Fig. 1a , Supplementary Information). τ * (0)/τ (0) displays a strong electron renormalization that has a similar behavior as m * /m e , thereby pointing to an enhanced scattering time for heavier electrons (Fig. 1d) .
In order to estimate the influence of band effects on the charge carrier renormalization, which are not taken into account in m * /m e , we performed Density Functional Theory (DFT) calculations within the generalized gradient approximation (GGA). The density of states (DOS) of Mg 2 NiH 4 shows to be a band insulator with Ni 3d valence bands below ε F and empty Mg 3s and Ni 4s bands about 1.65 eV above these bands (Fig. 2a, δ H vacancies (Fig. 2d ) -no more than one per NiH 4 cluster -show that each H vacancy dopes the system with one charge carrier. For δ 1, i.e., until one H vacancy per Mg 16 Ni 8 H 32 unit cell, we find that a narrow half-filled band occurs around ε F . These in-gap states have Ni 3d x 2 −y 2 character hybridized with H 1s owing to the vacancy state. This is confirmed by the integrated DOS that shows a complete spectral weight transfer from the Ni-H bonding bands to the top of the in-gap states (see Fig. 2a,b ). The removal of one H from a tetrahedral NiH 4 cluster changes its structure to square-planar NiH 3 , thereby minimizing the electrostatic energy. Due to the increased Ni-H overlap this pushes the Ni 3d x 2 −y 2 band above ε F , similar as reported for the Mg 2 NiH 4 model system with square planar NiH 4 clusters. [23] Furthermore, removal of an additional H (on a different cluster) creates a similar, but due to the monoclinic structure distinct, in-gap state (cf. Fig. 2c for δ > 1) . A slight variation of y, comparable to the sample compositions, qualitatively does not alter the DOS (see Supplementary Information).
The coherent Drude weight determined from the DFT calculations, W DFT = 2 ω 2 p,DFT , is proportional to δ and becomes close to zero for δ c ≈ 0.25 ( Fig. 1c ). At this concentration the H impurities are too distant to cause significant dispersion and sustain dc conductivity. Consequently, the band mass m b /m e = W tot /W DFT diverges at this point. For δ > 0.5, m b /m e ≈ 3 almost independent of the carrier concentration. The experimental optical mass 2 < m * /m b < 9 is thus also strongly renormalized when taking band effects into account.
Both our experiments and DFT calculations combined unanimously show, by the properties of the electron mass and scattering rate, strong electron correlations in the single occupied d x 2 −y 2 in-gap states. These strong correlations in turn also renormalize the width of the in-gap states Γ. Furthermore, since the on-site Coulomb interaction on the Ni atom U ∼ 10 eV is much larger than the unrenormalized in-gap band width, Γ K ∼ 0.4 eV for δ = 1, these states will spit in a lower and upper Hubbard band, and a Kondo resonance peak at ε F hosting the localized carriers (Fig. 2e) . The presence of Kondo physics close to a Mott transition, although generally present, [11] is here even more intuitive because of the impurity character of the hydrogen vacancies that antiferromagnetically couple to the Ni conduction electrons below T K . k B T K is equal to the width of the Kondo resonance γ K Γ K , i.e., of the order 10 3 K, and thus inside the predicted ballpark. [16] This is further confirmed by the periodic Anderson model, for which m
, where ∆ dir ≈ 0.4 eV is the direct hybridization gap energy (see Fig. 1b ) with m * /m b as in the inset of Fig. 1d . Below T K all magnetic moments are screened and the material becomes non-magnetic. Indeed, the magnetic susceptibility of Mg 2 NiH x has been reported to show a pronounced decrease upon δ → 1.6 + at room temperature. [24] Mg 2 NiH 4−δ/8 thus crosses a Mott metal-to-insulating transition well before δ = 0.
A Kondo lattice occurs when the observed Kondo phenomena occur periodically. A close inspection of the optical data indeed hints to a Kondo impurity lattice. For all compositions, σ 1 (ω) shows typical characteristics of an ordered (poly)crystalline material opposite to that of an amorphous electron glass, such as a coherent Drude peak, well-defined phonon modes and a clearly distinct band gap. Particularly for δ ≥ 2 and y 2, we observe an absorption band around 0.3 eV as in the, periodic, DFT results for this composition (Fig. 3b,c) . Moreover, the resemblance between the DFT results and the optical measurements can further be read off above 1.5 eV, where both have a very similar trend upon changing the Mg/Ni ratio (see Supplementary Information). For these reasons, we conjecture that in the vicinity of the Mott transition, Mg 2 NiH x has signatures of an ordered Kondo lattice consisting of vacancy states with s-character that localize Ni d carriers.
Although strong electron correlations have never been experimentally observed in hydrides, Mott insulating phases and concomitant mass divergences have been reported for other systems such as Si:P, 3 He and Sr doped LaTiO 3 . [25] [26] [27] Among those, Si:P may appear closest to the current hydride, but the disordered arrangement of P in the Si lattice rather causes a disorder induced Mott transition, opposite to the ordered Mott transition in Mg 2 NiH x . The main difference with all known systems that manifest a pure Mott phase, is that this state of matter in Mg 2 NiH x occurs at room temperature.
The strong correlations observed in hole-doped Mg 2 NiH x are likely to be omnipresent in related hydride systems. Previous work shows that systems similar to Mg 2 NiH 4 and Mg 2 FeH 6 , with Ni or Fe substituted by Mn, Ni, Fe, Co and Cu have comparable electronic structures to Mg 2 NiH 4−δ/8 .[28, 29] Calculations on these systems evince an increased density of states similar to the in-gap states of Mg 2 NiH 4−δ/8 , which is not located midgap, but close to either the conduction or valence band. Besides, also the rare-earth hydrides YH x and LaH x are expected to possess strong electron correlations. [13, 14] It is further interesting noticing that DMFT calculations of H impurities in Ge 8 and Ge 64 supercells show a split H and Ge hybridized Hubbard band close to ε F ,[30] which maybe implies that the class of strongly correlated hydrides is even larger than ones that show a MI transition.
On the question how encounter superconductivity in Mg y NiH x , we conjecture that maintaining stoichiometry for y is crucial as our work showed that only for y 2 an ordered Kondo lattice forms. The hydrogen concentration x is most promising where strong renormalization effects take place, such as for 1 δ 2, forming a correlated metal with m b /m * ∼ 0.2 in the ballpark to allow superconductivity. [1] Above all, a comprehensive study is favored employing experimental techniques that directly evince a superconducting state.
palladium-hydrogen and palladium-deuterium systems Z. Physik 257, 1-8 (1972 Table S1 ). Local compositions have been determined by Rutherford Backscattering Spectrometry (RBS) using 2 MeV He + ions with a 1 mm 2 spot size, and wavelength dispersive X-ray diffraction (WDS) using a JEOL JXA-8800M Electron Microprobe. The film thickness has been measured in the as-deposited state using a stylus profilometer (Veeco Dektak 3 , USA).
B. Crystal structure
Structural characterization is carried out by X-ray diffraction (XRD) using a Bruker D8 Discover with a 5 − 6 mm Cu K α beam with λ = 1.5418Å and mounted in a θ − 2θ geometry. The spectrometer was equipped with a slit detector and a Be dome to create an enclosed hydrogen atmosphere. 
C. Morphology
The surface morpholgy has been determined by atomic force microscopy (AFM) using a NanoScope III Atomic Force Microscope, and by scanning electron microscopy (SEM) using a JEOL JSM-6301F Scanning Electron Microscope. Fig. S2 shows the surface morphology for selected values of y probed by SEM at 4 kV and by AFM in tapping mode using a silicon cantilever.
Both techniques unanimously indicate that the gradient thin film is smooth on the nm scale well above and well below stoichiometry y = 2. At stoichiometry, the roughness is strongly enhanced, which could be intrinsic, due to oxidation at the surface or due to an inhomogeneous distribution of Pd. RBS measurements on the same samples indicated that the amount of oxygen at the surface is composition independent and on average 1.74 × 10 16 ± 0.92 × 10 16 atoms/cm 2 . Also the amount of Pd for all compositions is similar. The roughness further seems to scale with the amount of Mg 2 Ni. We conjecture that the hydrogen kinetics depends on the surface morphology in a sense that a larger surface area enhances the hydrogen adsorption rate.
II. OPTICAL SPECTROSCOPY A. Experimental methods
Optical spectroscopy is performed between 0.06 and 0.8 eV using a Bruker IFS 66/S FT-IR spectrometer with a liquid nitrogen cooled MCT detector, and between 0.72 and 3.3 eV using a
Bruker IFS 66 FT-IR spectrometer with InGaAs and Si detectors. The spectrometers are equipped with a unit that allows quasi-simultaneous acquisition of transmission and reflection at near-normal incidence. Calibration for the incident spectrum has been done in transmission geometry using an aperture at the sample position. In this way, also reflectivity is obtained without reference The dielectric function ε(ω) = ε 1 + (4π/ω)iσ 1 of Mg y NiH 4−δ/8 has been obtained by simultaneously fitting the transfer functions R and T for each value of y based on the Fresnel equations for a stratified system using the Geneva package RefFit (A.B. Kuzmenko, University of Geneva). [6, 7] The sample thickness is determined from the thickness in the as-deposited state multiplied by a 15 % expansion due to hydrogenation. [1] This value been used as initial thickness value and is further optimized in the fitting procedure. Initial fitting has been done using a Drude-Lorentz parametrization of ε(ω). Oscillators were created for the following excitations: one for the coherent Drude peak, one for each vibrational mode, one for the infrared absorption band, and one for the original Mg 2 NiH 4 interband transition around 1.7 eV. The fitting parameters for each oscillator are the frequency ω 0 , the plasma frequency ω p and the scattering rate γ.
A closer match to the natural dispersion has be obtained upon subsequent fitting with a variational dielectric function that enables a quasi line-shape independent fit. [6, 8] Fig. S3 shows the fitted model transfer functions and Fig. S4 the resulting σ 1 (ω). Note that the infrared regions for which the modeled T → 0 correspond to the Reststrahlen bands of the KBr and CaF 2 substrates.
As compared to a conventional Drude-Lorentz parameterization, the use of a variational dielectric function is of value for a precise evaluation of the dispersion and spectral weight.
C. Extended Drude analysis
In systems with renormalized electron behavior, the conductivity is described by the extended Drude model, which takes into account the frequency dependence of the effective electron mass m * (ω) and of the scattering rates τ (ω) and τ * (ω), [9] 
where ω p is determined using the Hall carrier density (see section III).
In the present case, the unrenormalized 1/τ (ω) is large at ω = 0 because ω p and γ of the coherent Drude peak have values in the same ballpark (Fig. S5) . Furthermore, 1/τ (ω) decreases with increasing photon energy due to the semiconductor nature of the material, which is characterized by the onset of very strong interband transitions above 1.7 eV. Concomitantly, m * (ω)/m = τ * /τ is negative as shown in Fig. 1a .
D. Spectral weight transfer analysis
The electronic mass renormalization m * /m e can be determined solely from optical data using a spectral weight transfer analysis. m * /m e = W tot /W coh , where the total electronic spectral weight W tot = W coh + W incoh , being the sum of the coherent and incoherent Drude weights, is obtained from σ 1 (ω) using the partial f -sum rule,
where ω c is a cut-off frequency. ω c is to be chosen above the intraband transitions, that is above the coherent and incoherent Drude weights, and below the interband transitions. (Fig. S6b) . This is, however, only permitted for δ ≤ 3, as the interband transitions for δ = 4 are significantly different from those at δ = 0 (cf. inset of Fig. 3c) . Removal of H obviously causes a spectral weight transfer across ω ≈ 10 eV to lower energies, also indicated by the DOS and σ 1 (ω) (Figs. 2 and 3) . Besides, the calculations show through N mod eff (δ) − N mod eff (0) at high energies, i.e., about 20 eV, that removal of each H atom indeed adds one charge carrier to the system, as reported experimentally.
[10] Fig. S6b shows that ω c is best determined to be around 2.5 eV where N mod eff (δ) − N mod eff (0) has a maximum which is very close to δ for δ < 3, indicating that the complete spectral weight corresponding to the charge carrier density δ is recovered at this photon energy.
Following the described procedure, we determine the optical mass renormalization m * /m e (see Fig. 1 ). Hereto, W tot is obtained using Eq. S2 with ω c = 2.5 eV. The vibrational spectral weight, being much smaller than the electronic spectral weight, has been subtracted after integration of
p , where ω p is obtained from the Drude-Lorentz fitting procedure.
III. CHARGE CARRIER DENSITY FROM HALL DATA
The temperature dependence of the DC resistivity ρ DC and charge carrier density n of Mg 2.17 NiH x for 0 ≤ x ≤ 3.95 has been reported for 4.2 ≤ T ≤ 295 K by Enache et al. [10] The authors experimentally show that the relationship between n and x is linear, independent of temperature.
In the present work, the charge carrier density per unit cell δ = n·V , where V is the volume of the Mg 2 NiH 4 unit cell (Table S2) . For each sample, n is determined by mutual comparison of 1/σ 1 at ω = 0 determined from the fitting procedure (see section II B) and ρ DC (n) reported by Enache et al. This is justified since (i) ρ DC (n) is a monotonic function where ρ DC is uniquely determined by n, [10] (ii) The role of Mg is only to structurally stabilize the Mg y NiH x hydride and small variations of the In the present study, an uncertainty on the determination of δ also impacts the uncertainty on m * /m e = W tot /W coh = ω 2 p,Hall /ω 2 p,Drude since ω 2 p,Hall = 4πδe 2 /m e V . As described before, δ is obtained by comparison of 1/σ 1 (0) to ρ DC (n) (section III). The error determining parameters are thus σ 1 (0) and ω 2 p,Drude . In order to estimate the variation of these parameters, we have performed multiple fitting procedures for each sample, thereby varying the individual weights of the used data sets. The resulting variation of σ 1 (0) and ω 2 p,Drude is then used to determine the error margins on δ and m * /m e as shown in Fig. 1d .
V. DENSITY FUNCTIONAL THEORY CALCULATIONS A. Computational methods
First principles density functional theory (DFT) calculations were carried out using a plane wave basis set and the projector augmented wave (PAW) method, [11, 12] 
as incorporated in the Vienna
Ab initio Simulation Package (VASP). [13] [14] [15] We use the PW91 generalized gradient approximation (GGA) for the exchange correlation functional. [16] Non-linear core corrections were applied. [17] The total energies were calculated on a 5×5×5 k-point mesh using a 700 eV kinetic energy cutoff. very close, we estimate that the zero point energy correction to the hydrogen desorption enthalpies of non-stoichiometric Mg 2 NiH 4 will be almost constant (about 0.11 eV/H 2 ). We therefore did not calculate them explicitly for these structures.
The calculations of the interband dielectric functions were performed in the random phase independent particle approximation taking into account only direct transitions from occupied to Table S2 , agree well with experimental [22] and previously calculated [23, 24] it is clear that all models for the non-stoichiometric systems are metastable and that the hydrogen desorption enthalpy is lower than that of Mg 2 NiH 4 . The inset of (b) shows the calculated ε 2 (ω) for 0 ≤ ω ≤ 1.5 eV.
For stoichiometric Mg 2 NiH 4 we calculate a band gap of 1.65 eV which is remarkably close to the experimental value of 1.68 eV. [25] This close resemblance is rather unique for a DFT calculation, which usually underestimates the band gap on the order of one eV. We conjecture that errors introduced by using the DFT band structure, which usually underestimates the band gap, cancel errors introduced by employing the RPA approximation. The latter neglects exciton effects and hence overestimates the optical gap. Full GW +BSE calculations, which would remedy both of . S8a ) [27] .
The models show that ǫ 2 (ω) in the infrared is small and mainly determined by the roll-off of interband transitions across the Mg 2 NiH 4 band gap, with a minor dependence on y. The experimental ǫ 2 (ω) in the infrared is much larger than the models predict (see the main text of this work and Ref.
3) due to incomplete hydrogenation as discussed in the section below.
C. Mg y NiH x−δ/8 : controlling δ at y = 2
We study the influence of incomplete hydrogenation using DFT. At first, we consider four To test the stability of the results against the defect position, we repeated the single hydrogen removal for all hydrogen atoms in the cell. Figure S9 shows the DOS for all these models. The color of each line indicates the stability of the system.
The intraband plasma frequencies, the average of the diagonal elements of the tensor, for the 32 single hydrogen defect cells are compared in Figure S10 , where they are plotted as a function The color of the line is given by the total energy of the optimized geometry, indicating the relative stability.
of the total energy of the cell. The four clusters, also visible in Figure S9 , originate from the four symmetry inequivalent hydrogen positions in the cell. However, once one hydrogen is removed all symmetry is broken and small differences in the structural optimization lead to the spread in the clusters.
From Fig. S9 and S10 we conclude that both the DOS of the single defect cell and its intraband plasma frequency are stable with respect to the position of the hydrogen defect. Especially no qualitative differences are observed in the DOS and the spread in the plasma frequencies does not influence the conclusions being drawn in the main text.
When two hydrogen atoms are removed from two different clusters, the in-gap states split into two peaks around E F (Fig. 2) . Both are hybridized, such that the system is still metallic.
Apparently, the two clusters are slightly different giving rise to shifted energy bands of which, in parts of the Brillouin zone, one is occupied and the other empty. Between these two levels low energy transitions are possible. Moreover, the defected clusters are now close enough to interact enabling the actual transitions. In the optical conductivity a strong new peak arises around 0.25 eV.
Analogously, we have calculated models with three, four and eight hydrogen atoms removed from one unit cell. Note that in the structure with δ = 3, two H atoms are removed from one plane and a third from a neighboring plane, giving rise to more H-like bands and thus a 'blurred' DOS S11 shows the DOS for y = 2 as compared to Mg-rich and Ni-rich cases. In all cases, the DOS is qualitatively similar to the DOS at y = 2. 
